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ABSTRACT
In order to assess the impact of anthropogenic development on sediment delivery rates to
bays on St. John, U.S.V.I., I developed a sediment loading prediction model. Based on
the modified universal soil loss equation, this model predicts sediment loading using
watershed parameters, including the soil type, topography, and land use of the watershed,
and also storm based parameters, including the total storm runoff and peak discharge.
Sediment loads I predicted on a storm-by-storm basis, and annual sediment loads were
calculated by summing the loads from each storm in a year. This was performed from
historical rainfall data for three years: 1990, which had an approximately average total
rainfall; 1986, which had the highest total rainfall in the period for which I had rainfall
data; and 1989, which was the year of Hurricane Hugo, and therefore had the largest
single storm. I calculated sediment loads for multiple bays, with varying levels of
development. The sediment loads to the developed bays were as much as or even more
than an order of magnitude greater than sediment loads to undeveloped bays.
Additionally, I calculated the sediment loads to each bay under entirely undeveloped
conditions, comparing these loads to the loads under current development conditions.
Again, developed conditions often resulted in a sediment load at least ten times greater
than the load under no development.
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1 OVERVIEW
Around the world, human development of coastal areas is having adverse impacts
on the health of near-shore marine ecosystems (Millennium Ecosystem Assessment,
2005). Discharge of pollutants from point and non-point sources in coastal watersheds
results in impaired water quality of the receiving estuaries and coastal waters. Some of
the major issues related to declines in water quality within coastal areas include loss of
biodiversity, eutrophication, harmful algal blooms, heavy metal and toxic pollution, and
increased health risk through the spread of pathogens. About 40% of the world's
population lives within 100 km of coast, and that proportion is still rising (Millennium
Ecosystem Assessment, 2005). As more and more humans relocate to coastal areas, their
impact will become noticeably more severe.
Over the past few decades, the United States Virgin Islands (USVI) have seen an
unprecedented rise in human development as an increasing number of tourists travel from
around the world to vacation in the warm weather and exotic scenery the islands afford.
In order to meet a rising demand, developers have been constructing new homes at
increasing rates (USVI Bureau of Economic Research, 2006). Additionally, the islands
are becoming a popular destination for permanent relocation and retirement.
Overall, the resident population in the USVI territory rose 7% between 1990 and
2000 (U.S. Census Bureau, 2001). The greatest population increase occurred on the
smallest of the three islands, St. John, where the population rose by 20% over the same
period (U.S. Census Bureau, 2001). Tourism to St. Thomas and St. John, which are both
smaller than the island of St. Croix, accounts for 85% of total visitors to the entire
territory and increased by 36% between 1996 and 2000 to 2.2 million visitors annually
(Eastern Caribbean Center, 2002). However, more than half of the land on St. John is
owned and managed by the National Park Service as part of the Virgin Islands National
Park, which limits the spread of development to some extent. Nevertheless, the number
of new developments outside the park boundaries is steadily increasing. Associated with
new developments are the installation of septic systems and construction of new roads,
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both of which facilitate the transport of nutrients and sediments from watersheds to
coastal waters.
Increases in nutrient discharge, especially nitrogen, from septic system seepage
and other anthropogenic sources may drive aquatic ecosystems to a state of
eutrophication. This impaired state is generally caused by over-production of algae, the
growth of which is usually limited by the availability of nitrogen in marine systems.
Increased nutrient loading to bays may be an important threat to coral health. Another
important water quality issue in the Caribbean, and the focus of our study, is sediment
loading. Increases in sediment loading to coastal bays increase turbidity, reducing light
penetration to the coral. Human development tends to enhance soil erosion and increase
the rate of sediment transport from watersheds to coastal waters, especially during large
rainfall events. As a result of deteriorating water quality, benthic primary producers
decline in health and abundance. These organisms provide critical habitat and food
sources for organisms higher on the food chain, so their decline has a significant impact
on the ecosystem.
In general, the water quality of near-shore waters in the USVI has been good
(Jeffrey et al., 2005). However, point and non-point source pollution is causing a steady
decline in water quality. The National Park Service reports excellent water quality at its
monitoring stations around St. John, with the exception of Cruz Bay (Jeffrey et al., 2005).
Dissolved oxygen levels are high and light penetration is excellent suggesting that
eutrophication is not a problem at any location around the island (Jeffrey et al., 2005).
However, turbidity appears to be the factor of greatest concern regarding the water
quality around St. John. Measurements of turbidity in Coral Harbor, which is
experiencing the greatest rise of human development on St. John, show extremely high
concentrations of suspended solids during large storms. The rates of sediment deposition
in Coral Harbor have increased by a factor of 10-20 due to human development over the
past 100 years (Jeffrey et al., 2005). As watershed development continues on St. John,
the rates of soil erosion and sedimentation are expected to continue rising, resulting in
further increases in turbidity.
The purpose of this project is to determine whether human development is having
an impact on the level of sedimentation around the island of St. John. This study was
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completed as part of a larger project investigating the impact of both sedimentation and
nitrogen on coral health. In addition to the author, the project team members are Alfred
Navato, who estimated the impact of human development on nitrogen loading (Navato,
2007); Jeff Walker, who developed a transport model of the coastal bays to determine the
fate of sediment and nitrogen within the bays (Walker, 2007), and Bill Detlefson, who
conducted a coral health assessment of a number of reefs on the island (Detlefsen, 2007).
Some portions of this text were co-written with the other team members.
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2 INTRODUCTION
2.1 BACKGROUND OF THE U.S. VIRGIN ISLANDS
2.1.1 Geography and Climate of the U.S. Virgin Islands
The U.S. Virgin Islands (USVI) are located about 80 km east of Puerto Rico in
the north-eastern region of the Caribbean Sea (180 20' N 64* 50' W) (Figure 1). The
USVI are a territory of the United States and encompass three main islands-St. John, St.
Thomas, and St. Croix-in addition to a number of smaller, uninhabited islands (Figure
1). The total territorial area is 1,910 km2 of which 346 km 2 is land surface bounded by
188 km of coastline (Seitzinger, 1988). The island of St. John, which is the smallest of
the three, is 52 km2 in area and reaches a maximum elevation of 390 m (Jeffrey et al.,
2005; United States Geological Survey, 2004). The region is divided into two
geologically-dissimilar island archipelagos: the Lesser Antilles, which includes the US
Virgin Islands and those islands to the south and east, and the Greater Antilles, which
includes Puerto Rico and the islands to the north and west (Jeffrey et al., 2005).
A' PNORMH ArLANTIC
OCEAN
AAMJESaintr ' o J1hn
Caribbean
Sea
saint Cr'oix
Lieetree Boy .
Figure 1: Regional and local maps of the US Virgin Islands.
(World Atlas, 2007)
The climate in this region is subtropical and generally stable with monthly-
average mean air temperatures ranging from 24 to 28'C (76 to 82 0F) throughout the year
(Southeast Regional Climate Center, 2005). The average daily temperature maximums
and minimums for each month range from 3 to 5'C about the mean which suggests a
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fairly low daily temperature fluctuation throughout the year (Southeast Regional Climate
Center, 2005). The average temperature of coastal waters ranges from 25 to 28*C (77 to
84*F) (Department of Planning and Natural Resources, 1980). Total annual precipitation
averages about 1,100 mm (45 inches) with the rainiest months occurring between August
and November (Southeast Regional Climate Center, 2005). A large portion of annual
rainfall is produced during the largest rainfall events of the year. Most rainstorms have
short durations and produce only a couple millimeters of water at a time. Due to the
warm, dry climate, potential evapotranspiration is very high in this region and generally
exceeds precipitation. Therefore, most storms do not produce any surface runoff and no
permanent streams exist on St. John. Groundwater recharge occurs mainly after heavy
storms that saturate the soil and result in drainage to fractured bedrock below.
Due to their latitude and proximity to the Gulf Stream, the USVI are subject to
frequent tropical storms and hurricanes. Large storms can cause flooding and high rates
of soil erosion leading to heightened sediment loading and increased turbidity of coastal
bays.
2.1.2 History of the U.S. Virgin Islands
Before the arrival of the Europeans in the 15th century, the Virgin Islands were
inhabited by the Ciboney, Carib, and Arawak tribes. Although little is known about these
native people, they are believed to have ancestral ties to tribes in South America. The
first Europeans to set foot on the islands were led by Christopher Columbus, who named
the islands "The Virgins" in 1493, in reference to the legend of Saint Ursula and her
eleven-thousand virgins.
Over the following two centuries, Europeans caused significant hardship for the
native people through the introduction of new diseases, continuous raids, and
enslavement of native people. By the mid-I7th century, the native island populations had
been decimated and the Europeans began to establish permanent settlements. Although
the islands were occupied by a number of European countries, the Danish eventually
assumed complete ownership of the islands, which they found to be an ideal location for
tobacco, sugar and cotton plantations.
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Thousands of slaves were sent from Africa to work in the plantation fields, which
caused an imbalance in population: in 1725 there were a total of 324 Europeans
commanding 4,490 slaves (Maybom & Gobel, 2002). In 1733 the slaves revolted on the
island of St. John and drove the Danish settlers off the island, but the insurrection was
halted by military force and the island was again placed under colonial control.
Rebellions were not infrequent until July 3, 1848 when slavery was abolished.
Throughout the 19th century, sugar was the primary export of the island. But as
the years passed, demand for sugar began to decrease and sugar production became less
and less profitable. Poor housing conditions led to widespread sickness and a decline in
the population. The cost of maintaining the islands led the Danish government to try to
sell the islands in 1867 and 1906 but political and national concerns prevented the
transaction. During World War I, the conditions on the islands worsened due to further
drops in the demand for sugar. The United States eventually purchased the three islands
of St. Croix, St. John and St. Thomas from the Danish in 1917.
Although conditions were slow to improve under US control, tourism began to
grow after World War II with the construction of a number of resorts on the islands. In
1952, Laurance Rockefeller purchased a large portion of the island of St. John and began
constructing roads, water pipes, and electrical facilities to create a luxury campground.
Over the following few decades, the islands emerged as one of the most popular vacation
destinations worldwide.
Today, tourism is the main industry in the USVI with approximately 80% of the
economy specializing in the service-related industries (Lexdon Business Library, 2006).
The Gross Territorial Product (GTP) has steadily increased by about 6% annually to 2.6
billion in 2004 (USVI Bureau of Economic Research, 2005). Between 1996 and 2000,
the number of visitors to the three islands increased by 35% to 2.4 million annually, 85%
of which visited the two smaller islands of St. Thomas and St. John (Eastern Caribbean
Center, 2002). Tourists are attracted to the pristine beaches, exotic landscapes, and easily
accessible coral reefs. Protection of these valuable natural resources is critical for the
economic well being of the USVI.
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2.1.3 Development in the U.S. Virgin Islands
The Virgin Islands are a major tourist destination, and they have a
correspondingly high level of development. For the purposes of this study, developments
are defined to be any type of large, man-made structure such as a building, road, or dock.
Compared to the other islands of the USVI, St. John has far fewer developments due to
the Virgin Islands National Park, which covers more than half of the island. Even so,
there are still many developments on the island that can affect the coral reefs. The
following sections describe the history of the national park, the resorts, the other
developments on the island, the historic trend of development within the past fifteen
years, and the impact of developments within the bays in terms of sediment and nutrient
loading.
2.1.3.1 Virgin Islands National Park
Unlike the other islands of the Virgin Islands, over half of St. John is designated a
national park, which limits the extent of development in some areas (Uhler, 2007). The
Virgin Islands National Park was established on August 2, 1956, and initially protected
over half of the island (9,485 out of the 12,500 acres of St. John). On October 5, 1962,
the park was expanded to include 5,650 submerged acres to protect the coral reefs around
the island, and in 1978 Hassel Island was included under its protection. Today, the park
encompasses 14,689 acres of island and submerged areas. The national park is one of the
major tourism sites on the island: in 2001, the park received 71,462 visitors (Uhler,
2007).
2.1.3.2 Resorts
Like other islands in the region, the largest single developments are resorts.
There are two major resorts on the island: Caneel Bay and the Westin Resort. Caneel
Bay is part of the Rosewood Resorts chain and is located on the eastern side of the island
(Caneel Bay, 2007). It was founded by Laurence Rockefeller in 1952, a time when only
400 individuals inhabited St. John. In 1955, Rockefeller helped build the island's
infrastructure by providing roads, electricity, and fresh water to the inhabitants. He also
donated 5,000 acres of land to the federal government, which would later be used to start
the national park. Today, Caneel Bay occupies 170 acres and has 166 rooms.
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The Westin Resort was originally the Hyatt Regency Resort until 1995 when
hurricanes caused severe damage to the facilities and ownership was transferred to
Westin Hotels and Resorts (Lloyd, 2007). Constructed in 1986 at Great Cruz Bay, the
resort currently has 174 rooms, 92 suites, and 67 villas within 47 acres (Pira, 2007).
2.1.3.3 Other development
The two regions that contain the most development on St. John are Cruz Bay and
Coral Bay, with the majority of the population at Cruz Bay. Development for this project
is classified into buildings and roads. Cruz Bay is the main harbor and is the location for
the majority of businesses on the island. A wastewater treatment facility is located at
Cruz Bay and most buildings within the Cruz Bay district are connected via a sewer
system. The treatment plant uses secondary treatment and discharges the effluent
approximately one mile from the coast. Coral Bay contains less development and fewer
of the necessary facilities on the island.
Homes are located throughout the island with the exception of the central and
southern regions that are part of the National Park and contain few buildings. All homes
are connected to the electrical grid but few houses outside of Cruz Bay are connected to
the water or septic system. Water is generally purchased from trucks, although some
homes have rainwater collection systems. Most homes have individual septic systems to
handle wastewater.
Roads are generally concentrated on the eastern side of the island. Two roads
(North Shore Road and Centerline Road) connect Cruz Bay to Coral Bay. Because of the
relief on the island, large portions of the hills must be carved out in order to construct the
roads. Many of the roads on St. John are paved, but there are also many unpaved roads,
especially in residential areas. Because of the nature of sedimentation, roads will play a
larger role than buildings in this study.
2.1.3.4 Trends in development
Yearly data was examined from the U.S. Virgin Islands Bureau of Economic
Research (L. Mills, Melendez, Liburd, Dorsett, & Hazel, 2006) to evaluate the growth of
development on St. John. Figure 2 shows the census populations of St. John and the
annual number of visitors, and Figure 3 shows the annual fuel and energy consumption of
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the Virgin Islands. Within the past fifteen years the population of the island has
increased by 10.6%, the number of visitors to the island has increased by 20.2%, and the
fuel and energy consumption have increased by 23.5% and 29.9% respectively. Because
of the national park on the island, development is more constrained than on the other
Virgin Islands, but the general upward trend indicates that there will be increasing
construction for years to come.
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Figure 2: Census population and annual visitors.
(L. Mills et al., 2006)
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Figure 3: Census fuel consumption and energy consumption.
(L. Mills et al., 2006)
2.1.3.5 Impact of development on coral reefs
Many studies have expressed serious concern over the impact of coastal
developments on coral reefs. Approximately 58 percent of coral reefs in the region are
threatened by human activity (UNEP 2006). These threats are the result of an increase in
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tourism over the past fifty years, which has lead to the construction of more
developments on the nearby islands to attract and house more visitors.
One of the primary concerns about the gradual urbanization of coastal watersheds
is its impact on sediment and nutrient loading rates. One of the effects of development
on the land surface is that it replaces vegetation coverage with impervious surfaces.
Vegetation holds soil in place through its roots that brace the soil and hold water. It is
also an important sink for nutrients. Impervious surfaces have the opposite effect of
vegetation by preventing water from infiltrating into the ground, thereby increasing the
volume of runoff during storms. Increasing runoff flow carries greater sediment and
nutrients into the bays. Developments also remove natural sinks for nutrients, allowing
greater concentrations to flow into receiving water bodies. Roads, especially unpaved
roads contribute greatly to sediment loading rates within watersheds.
Construction requires that large portions of the ground must be cleared of
vegetation and excavated. The excavated material is deposited in ravines that can flood
during large storms and release highly turbid water into the bays. Construction on St.
John has a greater impact on sediment loading because of the slopes on the island. The
island has many high-grade slopes that must be excavated into flat slopes to allow
construction of buildings or roads. As the cut into the hill widens, a greater proportion of
soil has to be excavated due to the triangular shape of the cut; doubling the width of road
quadruples the amount of earth that must be removed. Reducing the sizes of roads and
buildings substantially reduces the amount of soil needed to be excavated.
Recent studies have shown that coastal developments have been having an
adverse effect on coral reefs. A study conducted by Lotze et al. (2006) examined fossil
records at various estuaries to quantify the number of species inhabiting the estuary at
different time periods. Twelve estuaries in Europe, North America, and Australia were
examined and the numbers of species were compared to today's relative abundance of
species. The study found that there has been more than a 90% reduction in the number of
important species, as well as over 65% of the wetland habitat (Lotze et al., 2006).
Estuaries also exhibited significant water quality degradation. These losses accelerated
between 1900 and 1950 but have recently leveled off due to awareness of the need for
protection of estuaries.
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Padolfi et al. (2003) conducted a study that examined the historical impact of
human development on coral reefs. The ecological histories of 14 coral reefs were
compiled from various data sources extending back thousands of years to analyze the
extent and rate of their degradation. The level of degradation was compared with the
level of technology of the inhabitants living at the coasts to the reefs. The study found
that as the level of technology of the coastal inhabitants increased, the ecological state of
the reefs declined, with the highest decline occurring with the appearance of modem
technology. The study was also conducted for the coral reefs at the Virgin Islands and
the health of the reef was ranked as "severely degraded" (Pandolfi et al., 2003).
2.2 BA CKGRO UND OF CORAL REEFS
2.2.1 Ecology and Biology of Coral Reefs
Coral reefs are some of the most productive and diverse ecosystems in the world.
The mean aerial rate of net primary productivity is higher than any other type of
ecosystem, including tropical rain forests (Geyer, 1997). These high rates of productivity
are due in part to a highly efficient cycling of nutrients and energy through a complex
food web. Common to all reef ecosystems are spatially complex reef structures which
provide niche habitats for the wide diversity of organisms that make up this food web.
The formation of these structures is driven by the growth and erosion of coral skeletons.
Coral are animals resembling sea anenomae that build carbonate shells, known as
coralline cups, to protect and support their internal organs (Figure 4). The shell is open-
ended allowing the head of the coral, known as the polyp, to emerge and feed on free-
floating planktonic animals from the surrounding water. Within the tentacles of these
polyps reside symbiotic, single-celled dinoflagellate algae called zooxanthellae, which
are mainly of the genus Symbiodinium. These algae produce organic carbon by
photosynthesis, which they supply to their host coral in exchange for dissolved carbon
dioxide and nutrients (Mann, 2000).
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Figure 4: Anatomy of coral polyps.
(Mann, 2000)
Throughout most of its lifecycle, the coral remains attached to a fixed substrate,
usually the reef itself. When a coral dies, its skeleton remains and physical disturbances
such as wave impacts and burrowing by organisms known as bioeroders break the
skeleton into smaller and smaller pieces. Over time, these small pieces of calcium
carbonate accumulate on the reef surface resulting in growth of the reef substrate.
Numerous species of encrusting algae also contribute to the formation of a reef structure
by depositing thin sheets of limestone. These free-living algae can account for 17-40%
of total carbonate deposition (Mann, 2000). Other species of non-encrusting algae
including small, filamentous forms are often found in reef ecosystems and form the short
algal turf which is a key food supply for herbivores (Gleason, 1998). Healthy coral reefs
are generally referred to as coral-CCA-short-turf communities where CCA is an
abbreviation for crustose coralline algae.
Coral reefs are typically located in oligotrophic, or nutrient-poor, marine
environments and thus rely heavily on efficient nutrient cycling within the ecosystem to
maintain their high rates of productivity (Smith, 1984). A highly complex food web
ensures the uptake and cycling of all available nutrients. The interactions between
trophic levels may have significant impacts on the composition of the reef building
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community. For example, there is evidence that the abundance of herbivores may control
the colonization of macroalgae on coral substrate (Belliveau & Paul, 2002).
Coral reef formation is highly sensitive to temperature and generally requires
mean annual water temperatures of at least 18'C (64'F) (Mann, 2000). This sensitivity
confines reefs to the tropical regions. Since reefs depend on the growth of
photosynthesizing organisms at the base of the food web, these ecosystems exist in
relatively shallow regions such as continental shelves, island coastlines and atolls where
light is able to penetrate through the entire water column. The three major types of coral
reefs are fringing reefs, barrier reefs and atoll reefs (Figure 5). Fringing reefs occur near
the coastline of continents or islands; barrier reefs are located further from shore and
form lagoons between the reefs and the mainland; atoll reefs develop on atolls which are
isolated and submerged land masses resulting from the subsidence of a former island.
The coral reefs around St. John are mainly fringing reefs and are found close to shore
around most of the island (Drayton et al., 2004).
Fnnging reef
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Figure 5: Major types of coral reefs.
(Mann, 2000)
2.2.2 Threats to Coral Reefs: Stressors, Bleaching, and Coral Death
2.2.2.1 Coral Bleaching
Coral are sensitive to a number of environmental stressors including temperature,
turbidity, pH, and salinity (Jeffrey et al., 2005). In response to chronic or acute episodes
of stress, coral may lose their pigmentation and turn white-an event known as coral
bleaching. This loss of color is an indication that the coral have expelled the symbiotic
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zooxanthellae algae that live within their polyps. Without zooxanthellae, only the
calcium carbonate shells of the coral are visible, giving them a white appearance (Figure
6).
Figure 6: Comparison of healthy and bleached coral
(left: healthy coral; right: bleached coral).
(Great Barrier Reef Marine Park Authority; Seaman)
Bleaching occurs when coral are under prolonged or acute episodes of stress. If
the stress is short-lived, coral are capable of repopulating their zooxanthellae colonies;
but if the zooxanthellae do not recover, the coral will be unable to survive from the loss
of this symbiotic relationship. Although the biochemical processes by which the coral
expel their zooxanthellae are not well understood, some speculate that under stressful
conditions the symbiosis becomes less beneficial for one or both species (Brown, 1997).
Expulsion of zooxanthellae is not the only possible cause of coral bleaching; any loss of
the symbiotic algae, including death, will result in the loss of pigmentation and is
therefore considered bleaching. There are many factors that contribute to coral bleaching
and the loss of coral reefs, most of which are directly related to anthropogenic activities.
2.2.2.2 Climate Change
Perhaps the most widespread threat to coral reefs is rising seawater temperature
due to global climate change (Jeffrey et al., 2005). Research has repeatedly shown that
rising temperature can cause massive, episodic coral bleaching and death (Edmunds,
2004; Knowlton, 2001). Some evidence suggests that in addition to coral bleaching,
climate change may have other potentially significant impacts on reef ecosystems.
Although a gradual rise in sea temperature may not cause a bleaching event, it may still
change the ecology of the reef (Edmunds, 2004). Under a new temperature condition,
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different coral species will dominate and reef diversity may suffer. Edmunds (2004)
suggests that higher temperatures may allow coral that produce small, simple colonies to
outcompete coral that build large, complex skeletons. Although rising sea temperature
poses a clear threat to the coral reefs on St. John, the focus of this project is on local
rather than global stresses.
2.2.2.3 Disease
Another major stress affecting coral is disease, which has recently become a
particularly severe problem in the Caribbean (Drayton et al., 2004; Weir-Brush et al.,
2004). The disease that appears to be the most devastating to Caribbean coral is white
band disease (Drayton et al., 2004) (Figure 7). White band disease is characterized
mainly by a visible white band that proceeds through living coral leaving behind
bleached remains.
Figure 7: Common coral diseases.
(left: White Band Disease; right: Black Band Disease)
(Jeffrey et al., 2005)
The cause of white band disease is still being debated, but recent studies suggest a
link between an increase in coral disease and an increase in the severity of African dust
storms, which may be related to global climate change (Weir-Brush et al., 2004). In
general, few coral diseases have been fully characterized; but studies on one disease in
particular, Aspergillosis, have shown a potential cause to be the terrestrial fungus
Aspergillus sydowii. Weir-Brush et al. (2004) were able to show that incidents of
Aspergillosis in Caribbean coral were caused by the presence of Aspergillus sydowii
which originated from Africa.
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Other studies suggest that rates of coral disease may be related to sewage outflow.
A distinct correlation was shown between two coral diseases, black band disease (Figure
7) and white plague disease, to sewage exposure (Kaczmarsky et al., 2005). Although
little is known about the mechanism by which these diseases affect coral, black band
disease appears to be similar to white band disease, as it also leaves dead coral behind as
it progresses.
2.2.2.4 Physical Damage
The most direct cause of coral death is physical damage by hurricanes or
collisions with anchors or boats. Since reefs develop at very slow rates, recovery from
physical damage, or any coral death, typically occurs over very long time scales-
hundreds of years for a large, well-established reef. Given the frequency of tropical
storms and hurricanes in the Caribbean, the reefs in this area are particularly prone to
damage from storm events.
2.2.2.5 Sedimentation
One of the most direct impacts of coastal development on coral reefs is through
increases in the transport of sediment from the land surface to coastal waters. This
transport is the focus of this study. During construction of new developments, large
amounts of soil are typically excavated and relocated to form level foundations. This
loose soil is highly susceptible to being transported during rain events that cause surface
runoff.
High sedimentation rates can cause stress and even death of coral in a number of
ways. The most direct mechanism is for the sediment to simply bury the coral,
effectively restricting access to free-floating phytoplankton, the main food source for
coral, and to light, which is needed for survival of the zooxanthellae (Bothner et al.,
2006). However, sediment may affect coral well before loading rates reach this stage.
Sedimentation causes an increase in turbidity, which in turn reduces light
penetration through the water column. As a result, less light reaches the
photosynthesizing zooxanthellae that live symbiotically with the coral. Additionally, in
most cases, increases in sediment loads are associated with increases in nutrient loads
leading to eutrophication.
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A study on the effect of chronic stress from sediment load on coral reefs in
Singapore found that coral cover decreased by about 50% over the past three decades
(Dikou & van Woesik, 2006). While some of the coral still survive, the dominant species
are typically found in much deeper, more naturally turbid waters; the ecology of the reef
has therefore changed as a result of the sediment stress.
2.2.2.6 Eutrophication
Another significant threat to coral reefs is eutrophication caused by excessive
nutrient enrichment. The functioning of any ecosystem depends on the supply of organic
biomass from primary producers such as plants and algae. These organisms convert
inorganic carbon, usually carbon dioxide, to organic carbon using biochemical carbon
fixation pathways such as photosynthesis. In order to build new biomass from inorganic
carbon sources, producers need nutrients such as nitrogen, phosphorous, sulfur and
calcium. The amounts of each nutrient needed per unit of carbon fixed vary by organism.
Compared with aquatic producers, terrestrial primary producers generally require much
more carbon relative to other elements due to greater carbon-rich structural content such
as wood. In marine ecosystems, algae are composed of carbon, nitrogen and
phosphorous atoms in an approximate ratio of 106 C : 16 N : 1 P, which is known as the
Redfield ratio (Redfield, 1958). Generally, the ratios of elements available in the
environment differ from the ratios required by primary producers to produce new
biomass. If one element is less abundant relative to the others according to the Redfield
ratio, algal growth will be limited by the availability of that element which is then
considered the limiting nutrient of the ecosystem.
The two most common limiting nutrients in aquatic ecosystems are phosphorous
and nitrogen (Smith, 1984). Phosphorous is generally the limiting nutrient in most
freshwater ecosystems while nitrogen is usually limiting in marine ecosystems (Howarth
& Marino, 2006; Smith, 1984). The addition of a limiting nutrient to an ecosystem
stimulates growth of primary producers more than the addition of any other nutrient.
Therefore, the enrichment of marine ecosystems with nitrogen tends to boost primary
production. The system is said to be in a state of eutrophication if the rate of primary
production results in significant deterioration of water quality.
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Around the world, eutrophication is having significant impacts on aquatic
ecosystems by causing oxygen depletion, loss of biodiversity, increased frequency of
harmful algal blooms, and alterations in species composition (Scavia & Bricker, 2006).
Typically, the enrichment of limiting nutrients causes high growth rates of suspended-
and macro-algae (Duarte, 1995). Proliferation of algae from nutrient addition increases
the turbidity of the water column and decreases light penetration to benthic primary
producers such as seagrasses or corals-a similar effect as elevated sediment loads.
Under eutrophic conditions, competition between algae and other primary producers
results in a phase shift from dominance by one type of primary producer to another type,
such as from seagrasses to macro-algae, which can have significant rippling effects
throughout the rest of the ecosystem (Duarte, 1995).
Coral reefs are unique among aquatic ecosystems due to their high rates of
primary production, significant biodiversity, and close proximity to oligotrophic ocean
water. These characteristics result in less well-understood dynamics regarding phase
shifts caused by nutrient enrichment. Nutrient enrichment has been shown to cause phase
shifts from healthy coral-CCA-short turf communities to macrophyte-tall turf systems,
where the small filamentous algae turfs are replaced by large filamentous and
macrophytic algae (Lapointe, 1997). However, there is great debate in the literature over
the cause-and-effect relationship between nutrient enrichment and phase shifts between
these two types of benthic communities (Szmant, 2002).
One of the most ambitious field experiments to date on nutrient enrichment is the
Effect of Nutrient Enrichment on Coral Reefs (ENCORE) project in the Great Barrier
Reef (Koop et al., 2001). Four treatments of nutrients (a control with no nutrient
addition, nitrogen addition only, phosphorous addition only, and both nitrogen and
phosphorous addition) were applied to twelve individual coral reefs. The researchers
concluded that reef organisms were indeed affected by nutrient enrichment, though the
impacts were not severe. The only direct effects of nutrients on coral reefs were on the
reproductive success of corals and the ability to regenerate after disturbance. A number
of studies also highlight the importance of other factors in controlling algae proliferation
in coral reefs, especially herbivory (Szmant, 2002).
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The observed phase shift of coral reefs due to nutrient enrichment is a classic
ecological problem of bottom-up versus top-down controls (M. M. Littler et al., 2006).
Bottom-up control refers to the effects of nutrient enrichment on the base of the food web
while top-down is control of the food web by the higher trophic levels, such as
herbivores. One study showed that the level of herbivory had a much greater impact on
the density and growth of seaweed recruits than did nutrient enrichment (Diaz-Pulido &
McCook, 2003). Likewise, another study found herbivory to be a major factor in the
colonization and survival of CCA communities in competition with macroalgae
(Belliveau & Paul, 2002).
Littler and Littler (1984) proposed a conceptual model relating nutrient variability
and herbivory to the type of benthic community (Figure 8). The model states that under
pristine conditions, where grazing is intense and nutrients are relatively unavailable,
corals will dominate the reef. If nutrient availability increases but grazing remains
intense then coralline and encrusting algae, which are capable of reef building, will
dominate. If herbivory is restricted, algal turf will dominate with low nutrient availability
and fleshy macro-algae with high nutrient availability.
Physical disturbance
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Figure 8: Conceptual model of dominant benthic community in relation to nutrient
availability and herbivory in coral reef ecosystems.
(M. M. Littler & Littler, 1984)
Although some of the evidence discussed above suggests that nitrogen enrichment
may not always be detrimental to coral reefs, the potential impacts on water quality and
coral health still warrant investigation. In general, as a limiting nutrient becomes
increasingly available in an aquatic ecosystem, it will inevitably lead to poor water
quality and eutrophication. Whether degradation occurs gradually or only after some
threshold nutrient concentration is reached is not well known and still a popular area of
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research. In the coastal bays around St. John, nitrogen availability may not have reached
high enough levels to cause noticeable changes in ecosystem health. But as more
housing developments are constructed, nitrogen will become more available and may
eventually lead to serious impacts on the health of coral reefs.
2.2.2.7 Coral Health Around St. John
Coral ecosystems all around the world are experiencing significant declines, and
the Caribbean is no exception. In the U.S. Virgin Islands, living coral cover less than
20% of the bottom of most reefs, whereas twenty-five years ago, living coral covered
more than 40% (Jeffrey et al., 2005; Ray, 2007). Ninety percent of Elkhorn corals, an
important reef building coral, have been killed by disease or hurricanes in the Virgin
Islands. In fact, diseases are found in coral as deep as 90 ft. Evidence of coral decline
can be seen in the fish populations, where fish are not only dwindling in numbers, but
also in size. Coral bleaching has been observed in the USVI since 1987 (Boulon, 2007).
During 1998-1999, the entire Caribbean experienced very high surface temperatures. Not
surprisingly, the high temperatures in 1998 were coincidental with a large bleaching
event. Bleaching continues to be a major threat to coral in the Virgin Islands. During the
end of 2005 through the beginning of 2006, a three-month seawater warming event in the
Caribbean led to severe bleaching. While local scientists are still quantifying the
damage, early estimates indicate the loss of up to 50-80% of living coral cover on St.
John, from this event alone (Boulon, 2007). It is clear that the increased stress over the
past decades has caused a marked decline in coral cover and coral health on St. John and
in the Caribbean at large.
2.3 SEDIMENTA TION BA CKGRO UND
2.3.1 The Effect of Sedimentation on Coral Health
It is clear that in order to assess the threat to coral on St. John one needs to
estimate the rates of sediment loading. Most sediment reaching the bays of St. John
comes from runoff. While Caribbean waters are known for being crystal clear, Figure 9
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shows Coral Bay on St. John after a large rainstorm; clearly showing highly turbid water
that would pose threats to underlying reefs. According to Gary Ray, a terrestrial
ecologist living on St. John, events like the one shown in Figure 9 are often caused by
construction (Ray, 2007). When a new road, for example, is built on St. John, it must be
cut out of the steep terrain. Contractors excavate a great deal of soil, which generally is
simply dumped into the nearest dry riverbed. When the next large storm event occurs, it
washes all that soil into the bay at one time, creating extremely turbid conditions.
Figure 9: Coral Bay after a rainstorm.
(Jeffrey et al., 2005)
2.3.2 Determining Sedimentation Rates
There are two main methods for determining sedimentation loads into a bay: one
can either measure loading directly, or predict it using a mathematical model. One can
take direct measurements of loading either by measuring sediment as it comes into the
bay, or as it comes off of the land surface. An example of the first approach is to place
sediment traps in the bay. Bothner (2006) describes different kinds of sediment traps in
his study (Bothner et al., 2006). For example, a simple kind of trap is merely a
submerged, clear tube protruding from the seafloor. Because it is clear, one can observe
the amount of sediment that falls into it over time without disturbing it. In his study,
which took place in Hawaii, Bothner used the presence or absence of magnetite in the
sediment, and the noncarbonate fraction of the sediment to determine if a particular
27
sediment deposit originated on land. In several studies, Carlos Ramos-Scharrbn and Lee
H. MacDonald have measured sediment as it comes off of roads, and other land surfaces,
on St. John (MacDonald et al., 2001; Ramos-Scharron & MacDonald, 2006). These
measurements entail trapping and weighing sediment as it comes off of a piece of land of
a certain area. In order to find total sediment loading to a bay, these measurements must
be taken from many different kinds of land surfaces.
Loading rates can also be estimated using a mathematical model. This has the
important benefit of not relying on direct measurements. While it may be possible to
directly and comprehensively measure sediment loading to a high degree of accuracy, a
model is typically less expensive and less time intensive. Additionally, a model will
provide an integrative measure of loading to the whole bay, whereas sampling methods
measure sedimentation only at certain locations. There are many models that have been
developed that can estimate sediment loading with multiple degrees of detail (U.S.
Environmental Protection Agency 1992). Generally speaking, the inputs to these models
include hydrological information, soil types, and precipitation data. The hydrological
information can be obtained using a Geographic Information System (GIS). For
example, in their 2003 MIT Master of Engineering thesis project on salt ponds in St.
John, Bossi and Rose used a GIS to delineate watersheds and determine flow direction of
surface water (Bossi & Rose, 2003). Soil surveys performed by the Natural Resources
Conservation Service (NRCS), U.S. Department of Agriculture, of all US states and
territories, including the Virgin Islands, are available, as are precipitation data. With this
information one can estimate loading rates using a mathematical model without relying
on direct measurements of sedimentation rates.
While direct sediment measuring is a good way to measure sediment loading over
time, and may be more accurate than a model, given the short length of our visit to St.
John it is impractical to attempt to measure sediment using this method. Given the
restrictions of this study, most importantly the short period for field study, a
mathematical model will provide the most accurate analysis. The model I chose to
measure sediment loading is discussed in detail in Sections 2.3.3 and 5.2.
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2.3.3 Predicting Annual Sediment Loads
The universal soil loss equation (USLE) was developed by the United States
Department of Agriculture (USDA) to predict erosion due to rainfall (U.S. Department of
Agriculture & National Soil Erosion Research Laboratory). USLE was later revised, and
is now referred to as the revised universal soil loss equation (RUSLE). RUSLE uses
several parameters to predict soil loss from erosion, including land use parameters,
hydrological parameters such as land slope, and a rainfall intensity parameter. The
rainfall intensity parameter is a value specific to the location, and is annually averaged
(Renard, G.R. et al., 1997). Many mathematical models that predict erosion are based on
RUSLE. However, RUSLE was not acceptable for this study because it predicts soil loss
due to erosion rather than sediment delivery. The EPA (1985) describes a method to
predict annual or seasonal sediment yield as a simple fraction of erosion loss (W. B. Mills
et al., 1985). Like the rainfall intensity parameter in RUSLE, this fraction is given as an
averaged value for one's location. Therefore, this model predicts sediment runoff based
on average rainfall and average sediment delivery. However, as previously discussed,
sedimentation on St. John is caused by large, infrequent storms. Average rain data or
parameters will not reflect these large events; these averaged models will not be
adequate.
In 1977, Williams and Berndt developed a sediment delivery equation that
predicts sediment yield on an individual storm event basis: the modified universal soil
loss equation (MUSLE) (Williams & Berndt, 1977). MUSLE uses many of the same
parameters as RUSLE, but importantly, replaces the averaged rainfall intensity parameter
with a quantity based on the peak discharge of the storm, and the total volume of runoff
created by the storm. The structure of MUSLE is as follows:
Y= 11.8 -(Q -q,). -K -LS -C -P (1)
where Y is the sediment yield, in metric tons; Q is the runoff volume from the storm, in
in 3 ; and q,, is the peak discharge of the storm, in m3/s. In English units:
Y =95 -(Q-q,)0.6 -K-LS-C-P (2)
where now Y is in tons, Q is in acre-ft., and qp is in ft3/s, or cfs. K, LS, C, and P are all
parameters of RUSLE. K is the soil erodibility factor, and is a measure of how easily the
29
soil erodes (Renard et al., 1997). LS is the length slope factor, and is based on the flow
path lengths and slopes of the watershed. C and P are the land cover and supporting
practice parameters, respectively; they allow MUSLE to account for land use and
management. MUSLE and its parameters are discussed in greater detail in Section 5.2.
Predictions on a storm-by-storm basis, rather than an average event basis, are best
suited to the climate conditions on St. John. Therefore, MUSLE fits with the climate of
St. John. One must also be sure that MUSLE fits with the topography of St. John. While
USLE was designed for large watersheds associated with agriculture, MUSLE was
designed for watersheds no larger than five square miles (Blaszcynski, 2003). The
largest watershed on St. John is Coral Harbor's watershed, and is only 2.5 mi2, so
MUSLE is applicable to each watershed on St. John. MUSLE is a good fit for St. John,
in terms of both climate and topography; for these reasons, I chose to use MUSLE to
predict sediment loading in this study. I found the annual sediment load to a particular
bay by taking the cumulative yield from each storm event during that year. The modified
universal soil loss equation and its application to St. John are discussed in further detail in
Section 5.2.
2.4 EXPERIMENTAL DESIGN
The goal of the larger project, which is the context of this study, was to determine
the effect of human development of St. John on the health of coral, with an emphasis on
sedimentation and nitrogen loading. To do this, we predicted coral health and sediment
and nitrogen loading rates in multiple bays, including those with little human
development on nearby land, and those that are heavily developed. A comparison of
coral health in the two types of bays gave us an indication as to whether human
development plays a local role in coral health; for example, if a developed bay has coral
that are significantly less healthy, or has significantly less coral, one could say that
development may have a negative effect on coral. Likewise, if the two types of bays
have no significant difference in coral health, one cannot say that development affects
coral, at least at a local level. A comparison of sedimentation and nitrogen loading rates
in the bays gave us an indication as to whether these loading rates play a role in coral
degradation.
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Another potentially important factor that may differentiate coral health in different
bays, especially with respect to sediment loading, is watershed size. Compared with a
small watershed, a large watershed will produce more runoff, and more sediment.
We focused our study on four bays on St. John: one developed and one
undeveloped with small watersheds, and one developed and one undeveloped with large
watersheds. This allowed us to examine the relationships between human development
on the island and watershed size with the health of coral reefs in the bays. We chose four
specific bays based on the level of development, presence of coral reefs and watershed
size. Out of the bays with small watersheds, we chose to investigate Leinster Bay, which
is undeveloped, and Round Bay, which is developed. Out of the bays with large
watersheds, we investigated Reef Bay, which is undeveloped, and Fish Bay, which has
one of the most developed watersheds on St. John. Figure 10 shows the location of these
four bays, and the sizes of each watershed.
Figure 10: Aerial photograph with site locations.
In addition to predicting the sediment loading rates in the four bays identified
above, I also predicted sediment-loading rates in 11 more watersheds. In total, annual
sediment loading was predicted for the 15 largest watersheds on St. John. The locations
of these bays are shown in Figure 11, and their approximate levels of development are
given in Table 1. Annual sediment loads were calculated from actual rainfall data in
three years: 1986, 1989, and 1990. These years were chosen because, out of the years for
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which there is rainfall data, 1986 is the year with the highest total precipitation; 1990 is
the year with total precipitation closest to the average total precipitation for one year;
and, 1989 is the year of Hurricane Hugo, and therefore includes at least one unusually
large storm event.
Figure 11: Locations of all bays.
Table 1: Level of development for all bays.
Bay Level of Development
Fish High
Leinster None
Reef None
Round Medium
Rendezvous High
Brown None
Caneel Medium
Hurricane Hole Medium
Grootpan/Kiddel Low
Cruz High
Cinnamon Medium
Maho/Francis Medium
Great Cruz High
Lameshur None
Coral Harbor Medium
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3 GEOGRAPHIC INFORMATION SYSTEMS
Since many of the models and field methods used in this project required
extensive spatial and geographic information of St. John and its surrounding waters, a
geographic information system (GIS) was assembled using ArcGIS Version 9.2
(Environmental Systems Research Institute, Inc., 2007a). A high resolution aerial
photograph of St. John was obtained from the Center for Coastal Monitoring and
Assessment (2007) and used as a base map for the GIS (see Appendix A, Figure 23)
(Center for Coastal Monitoring and Assessment, 2007)
3.1 BA Y IDENTIFICA TION
Before being able to collect any spatial information, each bay around the island
needed to be delineated and identified. A shapefile was created to store a set of polygons,
which defined the extents of all the bays around the island (Figure 12). Bays were
identified by their geometries being enclosed by the shoreline on all sides except one,
which opened to the ocean. This process was somewhat subjective since some bays
could be merged to form one larger bay or subdivided into multiple smaller bays. When
defining the extent of a bay, the surface area and expected watershed size were taken into
account in order to minimize the overall range in bay and watershed sizes. The surface
areas of all the bays were calculated in ArcGIS and are presented in Table 2 for the four
main study sites and Appendix A, Table 14 for all bays.
Figure 12: Delineation of all the bays around St. John.
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3.2 BA Y DIMENSIONS
The average depth of each bay was calculated using a digital bathymetric chart
obtained from the NOAA Electronic Navigation Charts (ENC) Direct to GIS internet
utility (National Oceanic and Atmospheric Administration, 2006). ENCs are digitized
versions of the NOAA navigational charts, which provide important information for
maritime navigation such as water depths and the locations of buoys and hazards. The
Direct to GIS utility exports a geodatabase containing all the ENC information separated
into individual layers for a specified region-the region around St. John spanned ENCs
#25647 and #25641. The bathymetric chart consisted of a series of polygons that were
assigned a maximum depth and a minimum depth which corresponded to the depths at
mean lower low water of the far-shore and near-shore boundaries, respectively (Appendix
A, Figure 24A). By finding the intersection of the bathymetric chart and the bay
delineations, a series of individual bathymetric charts was produced for each bay
(Appendix A, Figure 24B).
Using these individual bathymetric charts, the areas of the depth polygons within
each bay were calculated. The average depth of a polygon was approximated by the
arithmetic average of its maximum and minimum depths. The total volume of water
represented by a depth polygon was calculated as the product of its average depth and its
area. The total bay volume is then the sum of all the depth polygon volumes within the
bay, and the average depth of the entire bay is the total volume divided by the surface
area. The bay dimensions are listed in Table 2 for the four main study sites and in
Appendix A, Table 14 for all the bays.
Table 2: Dimensions of the four main study sites.
Site Depth (m) Surface Area Volume (M3)
(m2)
Fish Bay 3.6 4.5x10 5  1.6x106
Leinster Bay 5.8 8.5x10 5  5.0x10 6
Reef Bay 5.5 8.6x10 5  4.7x10 6
Round Bay 13.6 1.7x10 6 2.3x10 7
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3.3 WA TERSHED DELINIA TION
The watershed of each bay on St. John was delineated using the ArcHydro
toolpack for ArcGIS (Environmental Systems Research Institute, Inc., 2007b). To
conduct this analysis, a Digital Elevation Model (DEM) with 30-meter resolution
(1:24,000 scale) was obtained from the National Elevation Dataset (NED) using the
USGS Seamless Data Distribution System (United States Geological Survey, 2004)
(Appendix A, Figure 25). In order to delineate the watersheds, the basic hydrologic
behaviors such as flow directions, flow accumulations, drainage channels, and catchment
areas were calculated for the entire island using ArcHydro. Once these calculations were
complete, the watershed delineation tool was used to find drainage area of each bay
(Figure 13). The surface area of each watershed was calculated and is presented in Table
3 for the main study sites and in Appendix A, Table 15 for all the bays.
Figure 13: Watersheds of all bays around St. John.
Table 3: Watershed characteristics of the four main study sites.
Site Watershed Area Number of Length of Roads Primary Soil
(km 2 ) Developments (km) Type*
Fish Bay 6.0 127 16.7 Am (40%)
Leinster Bay 2.8 4 2.1 Fs (54%)
Reef Bay 5.5 14 4.4 Am (56%)
Round Bay 1.1 24 4.5 Sr (88%)
*For the primary soils, the percentages are the percent of total watershed area covered by each
soil type.
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3.4 ROADS AND DEVELOPMENTS
To model the amount of nitrogen and sediment delivered to each bay, the number
of developments and total length of roads were needed for each watershed. Using the
aerial photograph, every visible house and development on the island was marked by a
point and every road by a line (Appendix A, Figure 26). By spatially joining these
features to the watershed layer, the number of developments and total length of roads
within each watershed could be calculated in ArcGIS and are presented in Table 3 for the
main study sites and Appendix A, Table 15 for all the bays.
3.5 SOIL CLASSIFICATIONS
To identify the soil properties of each watershed, a digital USDA Soil Survey was
obtained from the Natural Resources Conservation Service's Soil Data Mart (Natural
Resources Conservation Service, 2006) (Appendix A, Figure 27A). The intersection of
the watershed polygons and the soil survey yielded the percent total area of each soil type
within each watershed (Appendix A, Figure 27B). There are four dominant soil classes
that cover 90% of the island: Annaberg-Maho Bay complex (Am), Frediksdal-
Susannaberg complex (Fs), Southgate-Rock outcrop complex (Sr), and Victory-Southgate
complex (Vs). Despite a large number of detailed classifications, the soil types are
generally similar having shallow depths of less than 0.5 meter to bedrock, being well
drained, and laying on steep slopes. The primary soil types are listed in Table 3 for the
watersheds of the four main study sites and in Appendix A, Table 15 for all watersheds.
3.6 BENTHIC HABITATS
The locations of coral reefs and other benthic habitats were found using a geo-
database of near-shore benthic habitats obtained from the Biogeography Team at
NOAA's Center for Coastal Monitoring and Assessment (Center for Coastal Monitoring
and Assessment, 2007) (Appendix A, Figure 28A). The intersection of the polygons and
the benthic habitats was calculated to find the total area of each benthic habitat within
each bay (Appendix A, Figure 28B). The classification scheme used by the
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Biogeography Team contained more detail than was necessary for this project and was
therefore condensed into five types of benthic habitats: coral reefs, seagrass beds,
macroalgae, bare sediment, and mangrove. (See Appendix A, Table 16 for
reclassification scheme.) For the four main study sites, the percentage of total area
covered by each habitat type are listed in Table 4. (See Appendix A, Table 17 for all
bays.)
Table 4: Benthic habitat coverage of the four main study sites as percent of total
area.
Site Coral Seagrass Macroalgae Sediment Mangrove
Fish Bay 39% 34% 14% 12% 1%
Leinster Bay 17% 18% 9% 54% 1%
Reef Bay 43% 31% 0% 26% 0%
Round Bay 31% 14% 9% 46% 0%
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4 DISAGGREGATION OF RAINFALL DATA
In order to determine sediment loading to bays on St. John, it was necessary to use
hourly rainfall data. On St. John, there is one location with hourly rain data-the
National Climatic Data Center (NCDC) station at Caneel Bay (EarthInfo, 1995).
However, the Caneel Bay data is incomplete so a method was needed to 'fill the gaps' in
the record. Socolofsky (1997) developed a method to construct an hourly data set at a
location of interest from daily data at that location by using hourly data from a nearby
location. In other words, Socolofsky's method disaggregates daily rainfall data into
synthetic hourly data. Socolofsky's location of interest was the upper Charles River
watershed in eastern Massachusetts. He constructed an hourly data set for this location
using daily data for the upper Charles River watershed and hourly data at Boston's Logan
Airport. I used Socolofsky's method, described below, to fill data gaps in the Caneel Bay
rainfall data. This method is the simpler of two developed by Socolofsky. While the
other method is slightly more accurate, for calibration it requires more data than I have
for St. John.
4.1 RAINFALL DISA GGREGA TION: THE THREE-STORM
METHOD
In the simplest terms, Socolofsky's three-storm method for rainfall disaggregation
consists of two basic processes: comparing historical hourly rainfall data with historical
daily totals data for the same location to determine some relationship between the two,
and using that relationship to return hourly data from daily totals at a nearby location, for
the time period in which one is interested (Socolofsky, 1997).
The first part of the analysis entails two steps. The first step is to determine the
number of rainfall events on each day of historical data at the station with hourly records.
A rainfall event is defined by Socolofsky as a period of rainfall that is continuous on the
hourly scale (Socolofsky, 1997). That is, if one's data show that on a particular day,
rainfall was measured at hours 2, 3, 4, and 6, but not at hour 5, the rainfall in hour 6
would mark a new rainfall event. In other words, a new event begins if there has been at
least one hour with no rain. In his analysis of rainfall in Boston, Massachusetts,
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Socolofsky found that 95% of days with rain had three or fewer rain events. The second
step is to determine the fraction of a day's total rain that occurred during each event. For
example, Socolofsky found that in Boston, the largest rain event on any day had on
average 91% of that day's rainfall total. The second largest and third largest events had
5% and 4% of the total rainfall, respectively. These two steps were performed separately
for each month to account for possible variations in rainfall patterns across seasons.
Socolofsky then used the information from the first two steps to disaggregate the
daily rainfall totals from his location of interest (Socolofsky, 1997). For each day, he
broke up the daily total rainfall into three rainfall events: one containing 91% of that
day's rainfall, one containing 5% and one containing 4%. For example, if a day in
January had a total of one inch of rain, under this method one would break this up into
three events, one having 0.91 in. rain, one having 0.05 in., and the last having 0.04 in. of
rain. In the next step, Socolofsky constructed the hourly rainfall record specifically for
one individual rainfall event. One needs two pieces of information about the rain event to
perform this step: the total rainfall of the event (I will use the example of 0.91 in.), and
the month in which the event took place (January). One would then find a rain event in
the original hourly data, in the appropriate month, having the same total rainfall as one's
event of interest. In this example, one would find an event in the historical hourly data
that had 0.91 in. of rain, and took place in January; this is an event that "matches" the
event for which you are constructing an hourly record. Finally, one can simply copy the
record for this matching event into one's synthetic record verbatim. For example, if the
matching storm lasted three hours, and had 0.4 in., 0.3 in., and 0.21 in. of rain in each
hour, respectively, one would place a synthetic rain event in the constructed data, also
lasting three hours, and also having 0.4 in., 0.3 in., and 0.21 in. of rain in each hour,
respectively. One should place the start of this synthetic event at a random hour during
the day. These two steps (finding a matching event in the hourly data, and copying the
record of the matching event into the synthetic data) are repeated for the other rainfall
events on that day (in my example, these steps would be repeated for the 0.05 in. and
0.04 in. rain events). The entire process, starting with breaking up the daily total rainfall
into three events, is repeated for each day for which one wants an hourly record.
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4.2 FILLING THE GAPS
As discussed above, I used NCDC hourly rainfall data, from a station at Caneel
Bay, to drive the sediment-loading model. If there were gaps in the Caneel Bay rainfall
record on days with an important rainfall event, they were filled using daily rainfall data
at another station, Trunk Bay, very close to the hourly station at Caneel Bay. These gaps
were filled using the method described above. A day with an important rainfall event
was defined as a day in which there was a total of 0.2 inches of rainfall or more. The
daily data at Trunk Bay was collected by Rafe Boulon, and provided to us during my
field visit (Boulon, 2007). Figure 14 shows the locations of the hourly and daily rainfall
stations. The historical hourly data used for the disaggregation consists of 192 months of
data from January 1979 to December 1995. The number of storms per day and the
percentage of daily rainfall in each storm are given in Appendix B, Figure 29, and Table
18.
Although St. John spans less than ten miles from east to west, there are local
variations in precipitation (Bowden et al., 1970); while the storm patterns are very similar
throughout the island, the western part of St. John tends to experience more total
precipitation than the eastern part of the island. Any average variation in precipitation
from north to south is insignificant compared to this east-west variation. Because of this
local rainfall variation, it would be inappropriate to use the Caneel Bay rainfall data for
analyses of watersheds on the other side of the island. In addition to the hourly rainfall
station at Caneel Bay and the daily rainfall station at Trunk Bay, there are three other
rainfall stations on St. John with an average daily rainfall record: Cruz Bay,
Catherinburg, and the East End. Figure 14 shows the locations of these stations. I used
these average daily data, and the daily data at Trunk Bay from Rafe Boulon, to develop
scaling factors for the hourly data for each location. Because St. John experiences similar
storm patterns, if not similar storm amplitudes, throughout the island, these scaling
factors, rather than full disaggregations, were sufficient to construct hourly rainfall data at
each location. For the analysis of any given watershed, the scaled data from the station
nearest to that watershed was used. The scaling factors are given in Appendix B, Table
19.
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Figure 14: Locations of Rainfall Data Gauges:
A: Caneel Bay (hourly), B: Trunk Bay (daily; from Rafe Boulon), C: Cruz Bay
(average daily), D: Catherinburg (average daily), E: East End (average daily).
Map image: (Google, 2007)
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5 METHODS
5.1 FIELD METHODS
While small storm events are very common in the Virgin Islands, storms large
enough to cause significant sedimentation events may occur only once every few years
(Ray, 2007). During my fieldwork I did not expect to be able to measure turbidity, for
example, in the bays after a sedimentation event. However, I did take background
turbidity and total suspended solids (TSS) measurements in each bay. Additionally, I
was able to collect one sample of runoff. While this sample was collected from the
watershed of Coral Bay, rather than one of the study bays, it will still inform my analysis
of other data and predictions.
5.1.1 Sampling Methods
In order to obtain background turbidity and TSS measurements, I collected six
125-mL water samples at different locations in each of the study bays, using GPS to note
the specific location where each sample was taken. All samples were collected in plastic,
screw-top bottles. I chose the locations for sampling in order to get a representative
sample set. In cases where there appeared to be variations in turbidity within different
areas of a bay, I sampled all such areas. In order to ensure that I got at least one
measurable TSS reading for each bay, I also collected one large sample, at least 2 L, per
bay, and one large sample in the ocean. For a map showing the sampling locations, see
Appendix C.
5.1.2 Laboratory Methods
The turbidity of each sample was measured with a HACH 2100P Turbidimeter
using the following procedure. At the beginning of each round of turbidity analysis, the
calibration of the turbidity meter was checked using standard solutions. An aliquot of 10
mL from each water sample was poured into a vial, which was wiped with silicon oil and
measured using the meter. Between uses, each vial was washed out with drinking water.
Total suspended solids were measured using pre-tared, 10-pm filters. 50 mL of
each water sample were filtered in the field. In the case of the large samples, the entire
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sample was filtered and the total volume was noted. The filters were then wrapped in
plastic wrap and stored in the freezer. After returning from the field, the filters were
dried at approximately 90'C for 24 hours and weighed. This weight, less the pre-tared
weight, is the weight of solids in the water sample. However, with the exception of the
runoff sample, all samples were salt water; after filtration, each filter was saturated with
water and salt. While the drying step removed all water weight, the filter weights were
artificially raised by the presence of that salt. In order to account for this, I determined
the volume of water left in the filter after filtration, by weighing a saturated filter, and
used this to determine the weight of salt left on each filter. I assumed, for all cases, a
salinity of 35 parts per thousand (ppt). I normalized the filter weights by subtracting this
salt weight from each one. The concentration of total suspended solids in a given water
sample is equal to this normalized weight of solids, divided by the volume filtered of the
sample.
5.2 APPLICA TION OF MUSLE TO ST. JOHN
As discussed in Section 2.3.3, the modified universal soil loss equation predicts
sediment loads from a particular watershed for a single storm event. This section
describes each of the parameters that govern MUSLE, and the application of MUSLE to
watersheds on St. John. Equation 2, MUSLE in English units, is repeated here for
convenience:
Y=95 (Q-q) 5 -K-LS-C-P (2)
5.2.1 Roads
Many of the parameters used in MUSLE depend on the presence or absence of
roads. For example, roads will increase runoff and will alter other parameters. It was
therefore necessary to determine the area of each watershed covered by both paved and
unpaved roads. Together with a detailed aerial photograph of St. John, I used the
measure tool in GIS to determine the length of roads in each watershed. Figure 15 shows
Fish Bay watershed in the photograph; one can easily distinguish roads. The photograph,
however, was not detailed enough to distinguish between paved and unpaved roads.
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Figure 15: Closeup of Fish Bay's Watershed.
Based on field observations, I made an estimate of the length of paved roads versus dirt
roads. For example, the watershed of Fish Bay has numerous dirt driveways, and larger
dirt roads. I estimated that 50% of the length of roads in this watershed was dirt roads.
In most other cases, I assumed that the longest road in the watershed is paved, and all
others are dirt roads. For example, in Reef Bay's watershed, there is one large road, the
road that goes across the center of St. John. There are few other roads in this watershed,
and the roads that are there are mostly driveways. So for Reef Bay, I assumed that this
one large road is the only paved road in the watershed. In order to determine the area of
roads in each watershed, rather than the length, I estimated the average width of each
road. This estimation was also based on observations in the field. Paved roads are
generally wider than dirt roads, but are still often quite narrow on St. John. I assumed,
for paved roads, an average width of 12 ft. For dirt roads, I assumed an average width of
10 ft. See Table 5 for the total area of both paved and unpaved roads in each watershed.
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Table 5: Areas of roads in the watersheds of each bay.
Area of Roads in Each Watershed (m2
_ _ _ _ 
_ Paved [Unpaved Total
Round Bay 13000 3000 16000
Rendezvous Bay 18000 15000 32000
Brown Bay 0 0 0
Caneel Bay 7700 7000 15000
Hurricane Hole 9500 500 10000
Grootpan/Kiddel Bays 7700 570 8000
Cruz Bay 25000 2300 27000
Cannomon Bay 10000 7400 18000
Maho/Francis Bays 5500 4500 1000
Great Cruz Bay 46000 13000 59000
Leinster Bay 4300 2700 7000
Lameshur Bay 1900 5200 7100
Reef Bay 1900 13000 15000
Fish Bay 31000 26000 56000
Coral Harbor 83000 23000 110000
5.2.2 Soil Erodibility Factor: K
The soil erodibility factor is based on soil type. It is a dimensionless parameter
that indicates the amount of soil loss that will occur from that type of soil given a unit
amount or intensity of rainfall (Renard et al., 1997). For this study values for K were
obtained for each soil type on the island from the NCRS soil survey of the Virgin Islands
(US Dept. of Agriculture & Natural Resources Conservation Service, 1998). As
discussed in Section 1, each watershed has many soil types. In order to construct a
composite value of K for each entire watershed, I calculated an average of the K values in
each watershed, weighted by the area of each soil type. For the area covered by paved
roads I assumed that K = 0; that is, no amount of rainfall will result in erosion of paved
roads. For dirt roads I assumed a value of K equal to the weighted average for the whole
watershed without the roads. While this assumption may not be entirely accurate,
because of the relatively small area of dirt roads compared with the entire watershed, the
assumed value of K for these roads had very little effect on the resulting composite K for
the watershed. The composite K values for each watershed are shown in Table 6. See
Appendix D for K values for each soil type.
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Table 6: Composite K values for each watershed.
Bay Composite K
Fish Bay 0.12
Round Bay 0.11
Reef Bay 0.13
Leinster Bay 0.11
Rendezvous Bay 0.11
Brown Bay 0.11
Caneel Bay 0.10
Hurricane Hole 0.11
Grootpan/Kiddel Bay 0.16
Cruz Bay 0.10
Cinnamon Bay 0.10
Maho/Francis Bay 0.12
Great Cruz Bay 0.10
Lameshur Bay 0.16
Coral Harbor 0.15
5.2.3 Length-Slope Factor: LS
The length-slope factor is a relationship, shown below, between a representative
slope length, L, and the representative slope, S (Renard et al., 1997).
LS= (L )" . 0.065 + (0.04579 -S) + (0.0065 -S2)] (3)
22.1
The slope length, L, is the path length of fluid from some peak or relative peak in the
watershed to a low, such as a stream; in this equation L is in meters. S is the average
slope, and is in percent in this equation. The factor m depends on the slope S. Most
watersheds will have many slopes, and therefore many slope lengths. For watersheds on
St. John a representative slope length was determined by observation of a contour map.
The slope length was found for a particular slope, and adjusted such that it was a
relatively good fit for most of the slopes in the watershed. The representative slope, S, of
the watershed was determined by averaging the slopes of each of these slope lengths in
the watershed. For all the watersheds on St. John S is greater than 5%, which
corresponds to a value for m of 0.5. Table 7 shows calculated length-slope factors for
each watershed.
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Table 7: Representative LS values for each
5.2.4 Land Cover/Management Factor: C
The land cover/management factor accounts for protection of the soil from
erosion (W. B. Mills et al., Revised 1985). This protection can come from natural cover
such as plant canopy, or intentional human protection, such as mulching. C varies
between 0 and 1; a value of 1 corresponds to no protection. The smaller the value of C,
the lower will be the sediment yield from that watershed. Like K, a composite C for each
watershed was constructed as a weighted average of the C values for each region of the
watershed. Cover/management factors are tabulated in EPA's Water Quality Screening
Manual (W. B. Mills et al., Revised 1985). On St. John, in places where there is not a
development, such as a road, the land is mostly covered by forest. For developed bays
such as Fish Bay and Round Bay, I assumed for the purpose of finding C that in the open
areas with no development, between 45% and 70% of the area is covered by canopy or
trees and undergrowth. For the more pristine undeveloped bays, such as Reef Bay and
Leinster Bay, I assumed this fraction to be between 75% and 100%. These assumptions
were based on field observations. For the area of dirt roads I took C to be 1.0,
corresponding to no protection. As paved roads produce no sediment, I took C for the
area of paved roads to be 0. Table 8 shows the composite C value for each watershed.
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Bay LS
Fish Bay 65
Round Bay 31
Reef Bay 57
Leinster Bay 49
Rendezvous Bay 71
Brown Bay 48
Caneel Bay 52
Hurricane Hole 25
Grootpan/Kiddel Bay 41
Cruz Bay 15
Cinnamon Bay 37
Maho/Francis Bay 85
Great Cruz Bay 27
Lameshur Bay 66
Coral Harbor 59
watershed.
Table 8: Composite C values for each watershed.
Bay C
Fish Bay 0.0062
Round Bay 0.0048
Reef Bay 0.0008
Leinster Bay 0.0015
Rendezvous Bay 0.0145
Brown Bay 0.0005
Caneel Bay 0.0073
Hurricane Hole 0.0023
Grootpan/Kiddel Bay 0.0008
Cruz Bay 0.0033
Cinnamon Bay 0.0045
Maho/Francis Bay 0.0029
Great Cruz Bay 0.0079
Lameshur Bay 0.0017
Coral Harbor 0.0055
5.2.5 Supporting Practice Factor: P
The supporting practice factor takes into account soil conservation practices (W.
B. Mills et al., Revised 1985). Generally these practices are associated with construction
or agriculture and would be most important if one were estimating sediment delivery
from a construction site. However, P is important for dirt roads in this case. A higher
value of P corresponds to more sediment delivery; a value of 1 corresponds to no support
practice. In this study I took a value of 1.0 for P for all areas except dirt roads. For
construction sites, a P value for smooth compacted dirt is 1.3 (Goldman et al., 1986).
This precisely describes a dirt road, so for those areas I took P to be 1.3. The composite
P for each watershed was calculated using an area-weighted average; these composite P
values are shown in Table 9.
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Table 9: Composite P values for each watershed.
Bay P
Fish Bay 1.001
Round Bay 1.001
Reef Bay 1.000
Leinster Bay 1.000
Rendezvous Bay 1.004
Brown Bay 1.000
Caneel Bay 1.002
Hurricane Hole 1.000
Grootpan/Kiddel Bay 1.000
Cruz Bay 1.000
Cinnamon Bay 1.001
Maho/Francis Bay 1.001
Great Cruz Bay 1.002
Lameshur Bay 1.000
Coral Harbor 1.001
5.2.6 Runoff: Q
In order to use MUSLE to determine sediment yield for a storm event, it was
necessary to determine the runoff volume from that event. The curve number method as
described in USDA TR55 was used to determine runoff. The curve number method uses
information about soil type and rainfall to predict runoff (US Dept. of Agriculture, 1986).
The curve number method gives runoff by the following equation:
(P -I )2Q = ( (4)(P - Ij + S*
where Q* is the runoff per unit area in inches, and P is precipitation in inches. Ia is the
initial abstraction of the precipitation, also in inches. The initial abstraction is the amount
of precipitation that will infiltrate into the soil before runoff begins. Finally, S* is given
by the following equation:
1000S = -10 (5)CN
Where, CN is the curve number. The curve number depends on the hydrologic soil group
of the soil type and the land use. Curve numbers are tabulated for different land uses in
TR55 (US Dept. of Agriculture, 1986). Hydrologic soil groups for the soil types on St.
John were obtained from the NCRS soil survey (US Dept. of Agriculture & Natural
Resources Conservation Service, 1998). See Appendix D for hydrologic soil groups and
curve numbers for each soil type. A composite curve number for each watershed was
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constructed using an area-weighted average. Table 10 shows composite curve numbers
for each watershed. The value of P for each storm was taken from the synthesized hourly
rainfall data. As was the case for the disaggregation, a storm was defined as a continuous
period of rainfall. In order to find the total precipitation for each storm the hourly
precipitation was summed over the length of the storm. For each bay the disaggregated
data at the station closest to that bay was used. According to TR55, the initial
abstraction, Ia, is given as a fraction of S, however, this relationship is not appropriate for
St. John, where fractured bedrock results in a larger initial abstraction. Carlos Ramos-
Scharron estimated in his Colorado State University dissertation that between 2.5 and 3
cm of rainfall are necessary in order for runoff to occur on St. John (Ramos-Scharron,
2004). Therefore, for the purposes of predicting runoff, I assumed an initial abstraction
of 2.75 cm, or 1.1 in.
Table 10: Composite curve numbers for each bay.
Bay CN
Fish Bay 75
Round Bay 79
Reef Bay 69
Leinster Bay 73
Rendezvous Bay 78
Brown Bay 76
Caneel Bay 77
Hurricane Hole 78
Grootpan/Kiddel Bay 75
Cruz Bay 77
Cinnamon Bay 76
Maho/Francis Bay 73
Great Cruz Bay 78
Lameshur Bay 73
Coral Harbor 72
5.2.7 Peak Discharge: qp
The peak discharge is a function of both the watershed and the storm. It is the
maximum runoff flow rate of the storm. The National Resources Conservation Service
(NRCS) published the following equation for peak discharge (Snider, 1972):
484 -A -Q
,= 
(6
2+0.6 -T
2'
50
where Q* is runoff depth in inches and A is watershed area in mi2 . AD is the increment
over which one has rain data in hours; in this case, because I used hourly rainfall data,
AD is 1 hour. Finally, T, is the time of concentration of the watershed in minutes. Time
of concentration is the time it takes for a parcel of fluid to travel from the furthest point in
the watershed to the watershed outlet, in this case, the bay. Time of concentration for
each watershed was determined using a nomograph developed specifically for small
watersheds (Kirpich, 1940). Because all watersheds on St. John are small, I determined
that it was adequate to use this method, rather than a more complex, analytical method.
The nomograph, shown in Figure 16, gives time of concentration based on the path length
from the furthest point in the watershed and the elevation change from that point to the
point of interest. A contour map was used to determine the path length from the furthest
point in each watershed. Table 11 shows times of concentration for each watershed.
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Figure 16: Time of concentration nomograph.
(Kirpich, 1940)
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Table 11: Time of concentration for each watershed.
Bay Tc (min.) Tc (hours)
Fish Bay 20. 0.33
Round Bay 4.5 0.075
Reef Bay 25 0.42
Leinster Bay 9 0.2
Rendezvous Bay 9 0.2
Brown Bay 15 0.25
Caneel Bay 11 0.18
Hurricane Hole 6 0.1
Grootpan/Kiddel Bay 23 0.38
Cruz Bay 15 0.25
Cinnamon Bay 9 0.2
Maho/Francis Bay 10. 0.17
Great Cruz Bay 6 0.1
Lameshur Bay 15 0.25
Coral Harbor 21 0.35
5.2.8 Sediment Yield
The preceding section outlines the methodology for determining the necessary
quantities and parameters for the modified universal soil loss equation (equation 2). The
sediment yields for each storm in one year were summed to construct the total annual
sediment yield for that year. As discussed in Section 2.4, this was performed for the
years 1986, 1989, and 1990.
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6 RESULTS
6.1 FIELD RESULTS
The turbidity and total suspended solids tests in the field showed very low
background concentrations of sediment. Average turbidities for each bay were always
less than 1.0 NTU (see Table 12), and individual sample results rarely were above 1.0
NTU (See Appendix C, Table 21 for turbidities for all samples). Additionally, turbidities
were fairly consistent throughout sampling locations in the bays, indicating that few
sampling locations are necessary. Furthermore, there was little variation in background
turbidities among the four bays. Therefore, the primary reason for any differences in
turbidities among bays at a given time will be from differences in sediment loading,
rather than differences in background concentrations. Contrary to what one might expect,
I found that the turbidity of the ocean was ten times greater than the bay turbidities. It is
unclear why this might be the case, but one explanation is sampling error: I only took one
ocean sample. Finally, one can see that the turbidity of the runoff sample is between 3
and 4 orders of magnitude larger than the background turbidities in the bays; it is not
difficult to imagine that sediment carried by runoff may have a significant impact on the
sediment concentration in a bay.
Table 12: Average turbidities for each bay.
Bay Turbidity (NTU)
Fish 0.7
Leinster 0.8
Reef 0.6
Round 0.6
Runoff 1736
Ocean 7.7
The results from the total suspended solids tests are less consistent. As discussed
in Section 5.1.2, I normalized the weight of the solids on each filter by subtracting the
expected weight of salt. However, even after this normalization there appeared to be
something artificial raising the weight of each filter; the TSS concentration appears to
depend on the volume of water filtered. This may be due to inaccuracy in the salt
normalization. To account for this, I made the assumption that the TSS concentration for
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the large sample of each bay should be approximately equal to the TSS concentration for
the small samples. I then adjusted the salt weight for each filter to make the TSS
concentration of the large sample equal to the average TSS concentrations of the small
samples. This adjusted salt weight was always within 6% of my original estimate of salt
weight, which was based on the measured volume of water necessary to saturate a filter.
Table 13 shows the average small sample TSS concentration for each bay, and the
concentration for the large volume sample, both being normalized by the process I just
discussed. Since only one ocean sample was taken, a large sample, there were no small
samples for comparison. Therefore, I used the averaged salt weight for the four bays to
normalize the TSS concentration of the ocean sample. Appendix C, Table 20 shows the
concentrations for each sample; these concentrations account for the measured salt
weight, but are not normalized by the process discussed here.
Table 13: Average small sample and large sample TSS concentration for each bay.
Average TSS of small TSS of large
Bay volume samples volume sample
(mg/L) (mg/L)
Fish 0.9 0.9
Leinster 3.5 3.5
Reef 0.0 0.0*
Round 0.7 0.7
Runoff 1260 --
Ocean -- 7.1
*Actual calculated value for Reef Bay large sample was -0.6 mg/L
Field tests of turbidity and total suspended solids generally agree, and background
concentrations are very low in the bays. Moreover, concentrations are consistent within
each bay. The turbidity and total suspended solids of the runoff sample were three or
four orders of magnitude larger than those of the bays, so it is easy to imagine sediment
in runoff having a significant impact on water quality in the bays.
6.2 MODEL RESULTS
Figure 17 shows the results of the sediment loading prediction model, using the
modified universal soil loss equation. The figure includes results for each of the three
years I investigated: the year with average rainfall (1990), the year with the highest total
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rainfall (1986), and the year of hurricane Hugo (1989). The figure shows results for the
fifteen largest watersheds on the island, including the watersheds for the four bays I
investigated during my fieldwork. One can see that the sediment load on St. John is,
indeed, based on large storm events, as the load in the year with a large storm, hurricane
Hugo, is much greater than that in the year with the highest total rainfall. Furthermore,
the highly developed Fish Bay watershed produces an order of magnitude more sediment
than the undeveloped Reef Bay watershed, even though the watersheds are of similar
size, suggesting that development may in fact play an important role in sediment loading.
For comparison, Table 1 above shows the approximate level of development of each bay,
and Figure 11 shows locations of all bays. While these results are based on estimated
parameters, I am confident in them to within about a factor of two or less. For example,
under the extreme condition of using low estimates for all parameters, my predictions for
the sediment yields to the bays would have been approximately 50% of my actual
estimates. Using high estimates for all parameters, my predictions would have been
approximately 150% of my actual predictions. However, relative to one another, my
sediment load predictions are better still, as the parameters for each bay were estimated
the same way: a low estimate for the land cover factor, P, in one bay will tend to result in
a low estimate for P in the other bays as well. See Appendix E for sediment loads
calculated under conditions of low and high parameter estimates.
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Figure 17: Annual sediment loads for each bay.
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Because watershed size also plays a role in sedimentation, it was important to
distinguish this from the effect on sedimentation from development. Figure 18 shows the
sediment loading to each bay per unit area of its watershed. The bays with the highest
sediment loading per unit area of watershed are Rendezvous Bay, Caneel Bay, and Fish
Bay. Rendezvous Bay and Fish Bay have two of the most highly developed watersheds
on the island, and Caneel Bay's watershed is also developed.
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Figure 18: Annual sediment loads per unit area of watershed.
However, these results do not exactly match what one would expect in terms of
development alone. For example, given its level of development, one would expect Cruz
Bay to have a relatively high sediment load; however, according to my predictions its
loading is quite small. One possible explanation for this is slope: compared to many
bays, Cruz Bay's length-slope factor is quite small, which leads to a small sediment load.
Rendezvous Bay's watershed is very steep, and consequently has a high length-slope
factor; this is one explanation for its sediment load being higher than Fish Bay's, which
has a comparable level of development.
It is difficult to completely isolate the effect of development from other possible
effects. In order to deal with this difficulty, I re-ran the sediment-loading model for each
bay under undeveloped conditions. That is, I re-ran the model assuming no roads, and
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altering the land cover parameter to reflect pristine forest. Figure 19 and Figure 20 show
the annual sediment yields under undeveloped conditions, and annual sediment yields
under undeveloped conditions per unit area of watershed, respectively.
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Figure 19: Annual sediment loads, undeveloped conditions.
0.25 -_--_- -_- - -
0.2
C
V0.1 Average
EHighest
oi I Hurricane
0.0s
Bay
Figure 20: Annual sediment loads per unit area of watershed, undeveloped
conditions.
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Figure 21 compares, for each year, the results of the model under current
development conditions, and undeveloped conditions for each bay. As one would expect,
for watersheds that currently have a low level of development, there is little difference
between sediment loading under current and undeveloped conditions. However, for
developed bays the difference is striking: there is as much as, or more than, an order of
magnitude more sedimentation under current conditions than there would be under
undeveloped conditions. Because the only parameter changes made in re-running the
model were those having to do with human development, this excess sedimentation can
only be due to that development. Additionally, because here I am comparing one bay
under multiple conditions, rather than comparing one bay to other bays, the uncertainties
in parameters associated with the watershed (K, LS, C, and P) cancel out. Although the
absolute sediment yields shown in Figure 21 are still subject to these uncertainties, the
relative sediment yield from each watershed under current conditions, compared to
undeveloped conditions, is much more accurate. It is clear from these results that
anthropogenic development is having a significant impact on sediment loading to the
bays.
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Figure 21: Comparison of undeveloped and current conditions. A) Hurricane year;
B) Highest rainfall year; C) Average year.
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Finally, I qualitatively verified the results of the model by comparing turbidity
data collected by the Virgin Islands National Park Service (NPS) (McManus, 2006).
Figure 22 shows turbidity measurements over time at our four bays of interest on St.
John. Round Bay is within Coral Bay, so the data taken at Coral Bay dock serves as a
proxy for Round Bay data. One can see that, while there are large variations, the two
bays with developed watersheds (Fish Bay and Round Bay) tend to have higher
turbidities than the two undeveloped bays (Reef Bay and Leinster Bay). The NPS data
were collected only every couple of months, so it is difficult to match a data point to a
particular rain event. For example, while one would like to see the effect of Hurricane
Hugo on turbidities in the bays, no data was taken until two months after the storm, when
little or no effect can be seen. However, it is significant that the turbidity data for the two
bays with developed watersheds are more episodic, or vary more dramatically over time,
than the two bays with undeveloped watersheds. This is consistent with what one would
expect according to my model: a large rain event will cause a greater sediment-loading
response in developed bays, and hence a greater change in bay turbidity.
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Figure 22: Sediment Data in St. John Bays, taken by the NPS.
(McManus, 2006)
60
7 CONCLUSIONS
Over the past decades, anthropogenic development in the U.S. Virgin Islands has
been steadily increasing. There is concern that this development is impacting the coral
reef ecosystems that surround the island, and are the basis for the region's significant
tourism industry. One possible mechanism by which human development could
adversely impact coral reefs is by increasing the sediment loading to the bays containing
the reefs. This sedimentation increase is expected because human developments, such as
roads, are often impervious, increasing both runoff and sedimentation. Additionally, in
the Virgin Islands people often build dirt roads, which are an important source of
sediment. It is well established that high sediment concentrations disrupt the coral
ecosystem, mainly by inhibiting the photosynthesis that supplies energy to the coral; if
high sediment loading exists, it is very likely to harm coral reefs.
The purpose of this study was to determine whether or not human development in
the Virgin Islands is significantly increasing the sediment loading to bays. To assess the
impact of development on sedimentation, I predicted sediment loads to bays whose
watersheds have varying levels of developments for comparison. I also predicted
sediment loads to each bay individually, but under different development conditions. In
each case, human development dramatically increased the sediment loading to bays, often
by as much as a factor of ten or more. While I did not assess the effect of this increased
sediment on coral reefs, it is likely to have a significant, and negative impact.
Sedimentation due to anthropogenic development in the Virgin Islands is a problem that
will become more severe as construction of developments continue. If the coral reefs that
are so important to the Virgin Islands' economy are to thrive in the future, this problem
must be quickly addressed.
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APPENDICES
APPENDIX A: GEOGRAPHIC INFORMATION SYSTEM
Figure 23: Aerial photo of St. John.
Figure 24: Bathymetric chart of water depths (A) around St. John and (B) in Fish
Bay (values are relative to MLLW).
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Figure 25: Digital elevation model of St. John.
Figure 26: Roads and developments on St. John.
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Figure 27: Soil types (A) on St. John and (B) in the Fish Bay watershed only.
See (Natural Resources Conservation Service, 2006) for more information about the
soil types.
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Figure 28: Benthic habitats (A) around St. John and (B) within Fish Bay only.
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Table 14: Dimensions of all the bays on St. John
Average Surface Area Volume
Site Depth ______ _____
(m) (m ) (M3)
Brown Bay 3.4 1.4E+05 4.7E+05
Caneel Bay 8.4 6.2E+05 5.2E+06
Chocolate Hole 4.4 1.6E+05 7.OE+05
Cinnamon Bay 4.6 3.1E+05 1.4E+06
Coral Harbor 3.7 6.9E+05 2.6E+06
Cruz Bay 1.9 1.4E+05 2.5E+05
Drunk Bay 3.8 1.8E+05 6.8E+05
East End Bay 2.2 6.6E+04 1.4E+05
Fish Bay 3.6 4.5E+05 1.6E+06
Friis Bay 2.7 6.1E+04 1.7E+05
Great Cruz Bay 3.4 2.8E+05 9.6E+05
Grootpan/Kiddel Bay 11 2.4E+05 2.6E+06
Haulover Bay 4.0 1.7E+05 6.7E+05
Hawksnest Bay 8.0 5.1E+05 4.1E+06
Hurricane Hole 11 1.8E+06 2.1E+07
Johns Folly Bay 2.9 2.OE+05 5.7E+05
Johnson Bay 2.7 1.1E+05 3.1E+05
Lameshur Bay 6.5 9.6E+05 6.2E+06
Leinster Bay 5.8 8.5E+05 5.OE+06
Maho/Francis Bay 8.2 8.1 E+05 6.6E+06
Mennebeck Bay 4.8 1.5E+05 7.OE+05
Newfound Bay 2.5 1.3E+05 3.1E+05
Privateer Bay 5.4 2.3E+05 1.2E+06
Reef Bay 5.5 8.6E+05 4.7E+06
Rendezvous Bay 8.4 1.OE+06 8.7E+06
Round Bay 14 1.7E+06 2.3E+07
Salt Pond Bay 11 4.1E+05 4.3E+06
Trunk Bay 4.1 1.8E+05 7.4E+05
Turner Bay 2.8 5.7E+04 1.6E+05
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Table 15: Watershed characteristics for all bays.
Watershed Number of Length of Primary
Site Area Developments Roads Soil Type
(km2) (km)
Brown Bay 1.26 0 0.0 Fs (41%)
Caneel Bay 1.31 19 4.4 Fs (86%)
Chocolate Hole 0.36 45 3.2 Sr (52%)
Cinnamon Bay 1.82 32 5.2 Fs (75%)
Coral Harbor 6.52 219 30.4 Vs (58%)
Cruz Bay 1.72 136 7.6 Fs (87%)
Fish Bay 5.99 127 16.7 Am (40%)
Friis Bay 0.29 0 0.0 Sr (45%)
Great Cruz Bay 2.18 227 16.8 Fs (90%)
Grootpan/Kiddel Bay 1.71 9 2.3 Vs (47%)
Haulover Bay 0.28 4 2.1 Sr (92%)
Hawksnest Bay 0.90 14 3.7 Fs (87%)
Hurricane Hole 1.55 5 2.8 Sr (88%)
John's Folly Bay 0.52 24 2.1 Vs (56%)
Johnson Bay 0.77 37 4.1 Vs (70%)
Lameshur Bay 4.20 3 2.2 Vs (73%)
Leinster Bay 2.80 4 2.1 Fs (54%)
Maho Bay 1.87 12 3.0 Am (72%)
Newfound Bay 0.31 0 0.0 Sr (81%)
Privateer Bay 0.40 1 1.6 Sr (93%)
Rendezvous Bay 1.18 109 9.6 Am (56%)
Reef Bay 5.56 14 4.4 Fs (54%)
Round Bay 1.18 24 4.5 Sr (88%)
Salt Pond Bay 0.72 2 2.3 Sr (58%)
Trunk Bay 0.88 5 1.5 Fs (93%)
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Table 16: Reclassification scheme for benthic habitat descriptors.
Original Descriptor New Descriptor
Colonized Bedrock Coral
Colonized Pavement Coral
Colonized Pavement with Sand Coral
Channels
Land Land
Linear Reef Coral
Macroalgae Macroalgae
Mangrove Mangrove
Patch Reef (Aggregated) Coral
Patch Reef (Individual) Coral
Reef Rubble Sediment
Sand Sediment
Scattered Coral/Rock in Coral
Unconsolidated
Seagrass Seagrass
Uncolonized Bedrock Sediment
Unknown Sediment
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Table 17: Aerial coverage of benthic habitats for all bays (units are M2).
Site Coral Seagrass Macroalgae Sediment Mangrove
Brown Bay 24,000 100,000 0 0 0
Caneel Bay 150,000 250,000 64,000 150,000 0
Chocolate Hole 77,000 71,000 0 0 0
Cinnamon Bay 120,000 0 0 180,000 0
Coral Harbor 33,000 320,000 300,000 0 12,000
Cruz Bay 19,000 91,000 0 17,000 55
Drunk Bay 176,000 0 0 3,000 0
East End Bay 41,000 19,000 0 0 0
Fish Bay 174,000 150,000 62,000 53,000 5,000
Friis Bay 6,000 52,000 0 3,700 0
Great Cruz Bay 28,000 250,000 0 0 0
Grootpan/Kiddel Bay 98,000 87,000 0 26,000 0
Haulover Bay 62,000 9,000 0 93,000 0
Hawksnest Bay 200,000 230,000 0 62,000 0
Hurricane Hole 310,000 270,000 560,000 550,000 22,000
Johns Folly Bay 150,000 33,000 0 13,000 0
Johnson Bay 3,000 110,000 0 4,300 0
Lameshur Bay 260,000 610,000 13 47,000 1,400
Leinster Bay 140,000 150,000 75,000 450,000 12,000
Maho/Francis Bay 93,000 150,000 0 550,000 0
Mennebeck Bay 130,000 5,000 0 12,000 0
Newfound Bay 700 74,000 0 1,400 0
Privateer Bay 120,000 62,000 0 41,000 0
Reef Bay 360,000 260,000 0 220,000 1,700
Rendezvous Bay 360,000 330,000 0 340,000 0
Round Bay 530,000 240,000 140,000 780,000 0
Salt Pond Bay 160,000 200,000 0 17,000 0
Trunk Bay 78,000 27,000 0 69,000 0
Turner Bay 38,000 1 17,000 0 0 0
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APPENDIX B: RAINFALL DISAGGREGATION AND DATA
0
Figure 29:
1 2
Number of Rain Events
3 More
Fraction of days with at most a certain number of rain events. From
hourly rainfall data at Caneel Bay.
Table 18: Average percent of daily rainfall that occurs in the largest three events of
the day.
Storm Percent of daily
rainfall
Largest 86
2nd Largest 12
3rd Largest 1
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Table 19: Scaling ratios by month to convert Caneel Bay data to other locations.
Trunk Bay data supplied by Rafe Boulon (Boulon, 2007).
Scaling Ratio = (Location of interest/Caneel Bay Data)
Trunk Bay East Cruz Bay Caneel Bay Catherinburg
January 1 0.75 0.90 0.97 0.93
February 1 0.81 0.94 0.99 1.10
March 1 0.94 1.12 1.25 1.44
April 1 0.82 1.12 1.14 1.14
May 1 0.91 1.05 1.19 1.22
June 1 0.92 1.07 1.16 1.23
July 1 0.84 1.06 1.01 1.06
August 1 0.88 1.11 1.01 1.11
September 1 0.59 0.75 0.68 0.75
October 1 0.95 1.11 1.11 1.06
November 1 0.85 0.93 0.96 1.02
December 1 0.92 1.03 1.17 1.26
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APPENDIX C: FIELD SAMPLING LOCATIONS AND DATA
Figure 30: Field sampling locations.
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Table 20: Non-normalized total suspended solids data for samples collected during
fieldwork; Sample names ending in 7 denote large volume samples.
Tared Dried Salt TSS TSS Volume TSS
Bay Sample Weight Weight Weight Weight Weight Filtered Concentration
(g) (g) (g) (g) (mg) (L) (mg/L)
Fil 0.1136 0.1412 0.0251 0.0025 2.477 0.05 49.5
Fi2 0.112 0.1385 0.0251 0.0014 1.377 0.06 23.0
Fi3 0.1133 0.1407 0.0251 0.0023 2.277 0.05 45.5
Fish Fi4 0.1129 0.1409 0.0251 0.0029 2.877 0.06 47.9
Fi5 0.1123 0.1406 0.0251 0.0032 3.177 0.05 63.5
Fi6 0.112 0.1383 0.0251 0.0012 1.177 0.055 21.4
Fi7 0.1135 0.1427 0.0251 0.0041 4.077 2.13 1.9
Lel 0.1116 0.1374 0.0251 0.0007 0.677 0.05 13.5
Le2 0.1114 0.139 0.0251 0.0025 2.477 0.05 49.5
Le3 0.1142 0.1414 0.0251 0.0021 2.077 0.05 41.5
Le4 0.1117 0.1383 0.0251 0.0015 1.477 0.05 29.5
Leinster Le5 0.1117 0.139 0.0251 0.0022 2.177 0.05 43.5
Le6 0.112 0.1396 0.0251 0.0025 2.477 0.05 49.5
Le7 1st 0.113 0.1464 0.0251 0.0083 8.277 -- --
Le7 2nd 0.1121 0.1396 0.0251 0.0024 2.377 2.09 5.1
Rel 0.1112 0.1383 0.0251 0.0020 1.977 0.05 39.5
Re2 0.1135 0.1413 0.0251 0.0027 2.677 0.05 53.5
Re3 0.1126 0.1388 0.0251 0.0011 1.077 0.05 21.5
Reef Re4 0.1134 0.1407 0.0251 0.0022 2.177 0.05 43.5
Re5 0.1117 0.1384 0.0251 0.0016 1.577 0.05 31.5
Re6 0.1131 0.141 0.0251 0.0028 2.777 0.05 55.5
Re7 0.1121 0.1379 0.0251 0.0007 0.677 2.12 0.3
Rol 0.1119 0.1388 0.0251 0.0018 1.777 0.05 35.5
Ro2 0.1121 0.1391 0.0251 0.0019 1.877 0.05 37.5
Ro3 0.111 0.1379 0.0251 0.0018 1.777 0.05 35.5
Round Ro4 0.1118 0.1397 0.0251 0.0028 2.777 0.05 55.5
Ro5 0.1137 0.1422 0.0251 0.0034 3.377 0.05 67.5
Ro6 0.1142 0.141 0.0251 0.0017 1.677 0.05 33.5
Ro7 0.1133 0.142 0.0251 0.0036 3.577 2.11 1.7
Runoff Rul 0.1142 0.1772 0.0251 0.063 63 0.05 1260
Ocean 07 0.1132 0.1574 0.0251 0.0191 19.08 2.5 7.6
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Table 21: Turbidity data for samples collected during fieldwork.
Bay r Sample Turbidity
j (NTU
Fil 0.98
Fi2 0.31
Fi3 0.97
Fish Fi4 0.56
Fi5 0.48
Fi6 0.91
Fi7 0.65
Lel 0.99
Le2 0.67
Le3 0.92
Leinster Le4 0.96
Le5 0.92
Le6 0.87
Le7 0.48
Rel 0.56
Re2 0.4
Re3 0.26
Reef Re4 1.56
Re5 0.28
Re6 0.37
Re7 0.66
Rol 1.12
Ro2 0.75
Ro3 0.38
Round Ro4 0.53
Ro5 0.55
Ro6 0.34
Ro7 0.27
Runoff -- 1736
Ocean -- 7.71
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APPENDIX D: SOIL DATA
Table 22: Parameter values for each soil type, and area of each watershed with that soil type.
Hydrologic Curve A ea (m2) of Soil Type in the Watershed of Eac BaySoil Group Number Round Rendezvous Brown Caneel Hurricane Grootpan /
AiD 0.11 C Bay Bay Bay Bay Hole Kiddel Bay CruzBay
AmD 0.11 C 73 0 0 0 0 0 0 0
AmE 0.11 C 73 0 0 7000 0 25000 140000 0
AmF 0.11 C 73 0 0 31000 0 0 0 0
AmG 0.11 C 73 0 0 0 0 0 0 0
BsB 0.05 D 79 2500 2300 3000 6000 0 0 3700
BtB 0.02 D 79 12000 21000 3200 8000 13000 2800 720
CbB 0.17 B 55 0 0 6200 27000 0 18000 18000
CgC 0.15 B 55 0 32000 0 75000 15000 0 44000
CvE 0.05 C 73 0 0 0 0 0 0 0
FsD 0.10 D 79 0 3000 0 100000 0 0 2300
FsE 0.10 D 79 0 150000 110000 260000 0 0 670000
FsF 0.10 D 79 0 260000 410000 550000 0 0 780000
FsG 0.10 D 79 0 210000 250 210000 0 0 26000
JaB 0.10 A 36 2800 0 0 5100 0 0 0
LmC 0.02 A 36 0 0 66000 0 0 5200 0
RdB 0.02 A 36 0 0 0 0 0 6900 0
SaA 0.37 D 79 15000 11000 22000 1400 250 100000 0
SBA 0.20 D 79 1600 21000 15000 0 7700 0 2100
SoA 0.17 D 79 61000 35000 29000 18000 40000 37000 36000
SrD 0.10 D 79 0 7800 0 3400 13000 85000 0
SrE 0.10 D 79 260000 280000 120000 12000 230000 290000 9600
SrF 0.10 D 79 430000 72000 200000 23000 940000 84000 4800
SrG 0.10 D 79 250000 0 200000 0 160000 130000 0
UcC 0.17 B 55 0 0 0 0 0 0 55000
VsC 0.18 C 73 0 27000 0 0 1800 64000 0
VsD 0.18 C 73 15000 0 0 0 34000 0 0
VsE 0.18 C 73 16000 18000 38000 0 46000 160000 0
VsF 0.18 C 73 0 0 0 0 0 580000 0
W 0 -- 0 0 0 0 2300 760 0 34
Paved Roads 0 -- 98 13000 18000 0 7700 9500 7700 25000
Unpaved Roads 0.12 -- 89 3000 15000 0 7000 500 470 2300
Total Area (M2 ) -- -- -- 1100000 1100000 1300000 1300000 1600000 1700000 1700000
Total Area (kM2) -- -- -- 1100 1100 1300 1300 1600 1700 1700
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Table 23: Parameter values for each soil type, and area of each watershed with that soil type (continued).
toil Type K ydolgArea (m2) of Soil Type in the Watershed of Each BaySoil Type K ~ Hydrologic Soil Curve rI____ ___ ___Group Number Cinnamon Maho Great Leinster Lameshur Reef Bay Fish Bay Coral
Bay Francis Bay Cruz Bay Bay Bay Harbor
AmD 0.11 C 73 5000 110000 0 150000 0 40000 74000 0
AmE 0.11 C 73 67000 130000 0 150000 0 610000 720000 16000
AmF 0.11 C 73 230000 430000 0 460000 0 350000 1100000 0
AmG 0.11 C 73 23000 650000 0 150000 0 2000000 530000 54
BsB 0.05 D 79 10000 4300 3000 5200 3000 8900 1100 0
BtB 0.02 D 79 4200 370 15000 18000 17000 18000 21000 13000
CbB 0.17 B 55 0 0 39000 17000 120000 54000 37000 160000
CgC 0.15 B 55 64000 9500 11000 86000 40000 41000 190000 190000
CvE 0.05 C 73 0 0 0 0 110000 110000 0 25000
FsD 0.10 D 79 13000 0 57000 23000 0 0 460000 0
FsE 0.10 D 79 240000 18000 740000 170000 0 81000 900000 12000
FsF 0.10 D 79 960000 190000 1200000 470000 0 210000 830000 11
FsG 0.10 D 79 130000 23000 0 820000 0 36000 89000 320000
JaB 0.10 A 36 13000 41000 0 2000 3100 12000 - 0 0
LmC 0.02 A 36 0 0 0 0 27000 130000 0 240000
RdB 0.02 A 36 0 0 0 0 23000 19000 0 0
SaA 0.37 D 79 0 0 0 34000 66000 13000 15000 6100
SBA 0.20 D 79 0 53000 7200 110000 22000 100000 91000 42000
SoA 0.17 D 79 47000 71000 28000 88000 82000 99000 50000 100000
SrD 0.10 D 79 0 0 4300 0 0 18000 25000 0
SrE 0.10 D 79 0 0 40000 0 340000 210000 140000 360000
SrF 0.10 D 79 2000 0 6300 530 270000 86000 130000 810000
SrG 0.10 D 79 0 0 0 0 25000 32000 0 370000
UcC 0.17 B 55 0 0 0 0 0 0 0 0
VsC 0.18 C 73 0 0 0 0 0 0 4000 140000
VsD 0.18 C 73 0 0 0 0 0 0 0 300000
VsE 0.18 C 73 0 140000 0 0 400000 180000 7100 1000000
VsF 0.18 C 73 0 0 0 0 2600000 990000 600000 2400000
W 0 -- 0 0 0 0 0 0 310 2800 1000
Paved Roads 0 -- 98 10000 5500 46000 4300 1900 1900 31000 83000
Unpaved Roads 0.12 -- 89 7400 4500 13000 2700 5200 13000 26000 23000
Total Area (m2) -- -- -- 1800000 1900000 2200000 2800000 4200000 5500000 6000000 6500000
Total Area (kin2) -- .- -- 1800 1900 2200 2800 4200 5500 6000 6500
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APPENDIX E: MODEL SENSITIVITY
Table 24: Model Sensitivity to Parameters. Sediment loading results from low, actual, and high estimates of parameters.
--- Sediment Loading to Each Bay tons): Low Estimate
Fish Bay Leinster Bay Reef Bay Round Bay Rendezvous Bay Brown Bay Caneel Bay Hurricane Hole
AverageYear 1737 84 143 381 4544 68 4124 116
Highest Year _ 3262 160 274 850 6515 154 4363 263
Hurricane Year 8369 421 734 2340 21133 433 22721 730
Sediment Loading to Each Bay (tons): Actual Estimate
Fish Bay Leinster Bay Reef Bay Round Bay Rendezvous Bay Brown Bay Caneel Bay Hurricane Hole
Average Year 2445 197 227 70 1092 10 649 36
Highest Year 4585 372 433 171 1537 25 681 89
Hurricane Year 12525 1023 1217 485 5271 72 3661 251
Sediment Loading to Each Bay (tons): High Estimate
Fish Bay Leinster Bay Reef Bay Round Bay Rendezvous Bay Brown Bay Caneel Bay Hurricane Hole
Average Year 3285 204 299 92 2289 16 103 64
Highest Year 6201 389 580 248 3230 43 108 173
Hurricane Year 17727 1124 1718 717 11691 126 596 502
S Loading to_____Bay_(tons):_LowEstimate
Grootpan/Kiddel Bay Cruz Bay Cinnamon Bay Maho/Francis Bay Great Cruz Bay Lameshur Bay Coral Harbor
Average Year 17 281 2064 113 3784 251 623
Highest Year 39 404 2187 215 3997 478 1441
Hurricane Year 111 1319 11480 567 20646 1260 4104
Sediment Loading to Each Bay (tons): Actual Estimate
Grootpan/Kiddel Bay Cruz Bay Cinnamon Bay Maho/Francis Bay Great Cruz Bay Lameshur Bay Coral Harbor
Average Year 25 73 424 420 696 642 1026
Highest Year 63 103 445 793 728 1214 2573
Hurricane Year 181 356 2394 2191 3854 3357 7490
Sediment Loading to Each Bay (tons): High Estimate
Grootpan/Kiddel Bay Cruz Bay Cinnamon Bay Maho/Francis Bay Great Cruz Bay Lameshur Bay Coral Harbor
Average Year 32 131 .. 639 738 1055 1161 1099
Highest Year 89 _ 185 _____ ____677 1405 1109 2210 3_083
Hurricane Year 262 669 3755 4059 6006 6384 9235
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